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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



Length. 
Time-.. 
Force. _ 



Power- 
Speed . 



Symbol 



Metric 



Unit 



meter 

second 

weight of one kilogram .. 



kg/m/sec- 

fkm/hr 

Im/sec 



Symbol 



m 

sec 

kg 



English 



Unit 



foot (or mile) 

second (or hour) 

weight of one pound 

horsepower 

mi./hr 

ft. /sec 



Symbol 



ft. (or mi.) 
sec. (or hr.) 
lb. 



HP. 

M. P. H. 
f. p. s. 



TP, Weight, = mg 
g, Standard acceleration of gravity = 9.80665 
m/sec. 2 = 32.1740 ft. /sec. 2 

m, Mass, = — J 

g Sw, 

p, Density (mass per unit volume). G, 

Standard density of dry air, 0.12497 (kg-rcT" 4 6, 

sec. 3 ) at 15° C and 760 mm = 0.002378 (lb.- c, 

ft." 4 sec. 2 ). 6/c, 

Specific weight of " standard' 1 air, 1.2255 /, 

kg/m 3 = 0.07651 lb./ft. 3 ft 



2. GENERAL SYMBOLS, ETC. 

rrik 2 . Moment of inertia (indicate axis of the 



radius of gyration, by proper sub- 
script) . 
Area. 

Wing area, etc. 

Gap. 

Span. 

Chord length. 
Aspect ratio. 

Distance from c. g. to elevator hinge. 
Coefficient of viscosity. 



3. AERODYNAMICAL SYMBOLS 

V, True air speed, 
g, Dynamic (or impact) pressure 



1 

" 2 P 



V 2 



7, Dihedral angle. 
VI Reynolds Number, where I is a linear 



i, Lift, absolute coefficient Cl = ^§ 

B, Drag, absolute coefficient @d = ^ 

C y Cross - wind force, absolute coefficient 

R, Resultant force. (Note that these coeffi- 
cients are twice as large as the old co- 
efficients L C y D C .) fi y 

in Angle of setting of wings (relative to thrust 

line). a , 

it, Angle of stabilizer setting with reference to €j 
to thrust line. 



PS 



dimension, 
e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, 0° C: 255,000 
and at 15° C, 230,000; 
or for a model of 10 cm chord 40 m/sec, 
corresponding numbers are 299,000 
and 270,000. 
Center of pressure coefficient (ratio of 
distance of C. P. from leading edge to 
chord length). 
Angle of stabilizer setting with reference 

to lower wing, = (it — i w ). 
Angle of attack. 
Angle of down wash. 
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SPRAY PENETRATION WITH A SIMPLE FUEL INJECTION NOZZLE 

By Harold E. Miller and Edward G. Beardsley 
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SUMMARY 

The tests covered by this report form a part of a general investigation of the application of 
fuel injection engine principles to aircraft engine service. The purpose of these tests was to 
obtain specific information on the rate of penetration of the spray from a simple injection nozzle, 
having a single orifice with a diameter of .015 inch when injecting into compressed gases. 

The fuel was sprayed into a chamber fitted with glass walls and filled with nitrogen at various 
pressures. Special high-speed photographic apparatus, capable of taking a continuous series 
of 15 photographs at a rate of 4,000 per second, was used to record the development of single 
sprays. The effects of fuel pressures from 2,000 to 8,000 pounds per square inch and chamber 
pressures from atmospheric to 300 pounds per square inch on the rate of penetration and the 
development of the spray were studied. 

The results have shown that the effects of both chamber and fuel pressures on penetration 
are so marked that the study of sprays by means of high-speed photography or its equivalent is 
necessary if the effects are to be appreciated sufficiently to enable rational analysis. It was 
found for these tests that the negative acceleration of the spray tip is approximately propor- 
tional to the 1.5 power of the instantaneous velocity of the spray tip. 

INTRODUCTION 

It is usual to study the characteristics of sprays produced by fuel injection engine fuel 
nozzles by spraying into liquids or the atmosphere. While such tests are easily made, they are 
not entirely satisfactory, since the test conditions are far different from the actual conditions 
met in the engine cylinder. 

Lack of information regarding the effect of the compressed gases on the spray handicaps the 
analysis of the action inside the engine cylinder. This fundamental information is especially 
desirable when applying fuel injection to aviation engines, since the conditions in this field are so 
different from those existing in low-speed engines now in use that commercial experiences can 
serve only as a very rough guide. 

An item of major importance is the rate of penetration of the spray. Kuehn (Reference 1) 
gives information on the penetration of single drops of various diameters, but these data depend 
primarily on theoretical Calculations and have little value for predicting the action of a fuel 
spray composed of a comparatively large quantity of liquid in different form. A complete 
theoretical analysis for the action of sprays necessitates assumptions that lead to uncertain 
results, so that direct experimental determinations are desirable. Since investigations of this 
nature have apparently not been made heretofore, this work was undertaken to provide some 
definite information for a simple nozzle. 

PHASES OF PROBLEM CONSIDERED 

A simple injection valve, opened by a cam and closed by a compression spring, was used for 
the present work. A cylindrical nozzle having a diameter of 0.015 inch was used, and the valve 
needle lift was 0.007 inch. 
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Due to limitations of the apparatus, it was necessary to confine the study to spray lengths of 
less than 6 inches and to time periods of less than 0.005 second. While interesting data un- 
doubtedly would have been obtained if the scope could have been extended to include greater 
spray lengths and longer time periods, the information was desired primarily as an aid in applying 
fuel injection to aviation engines where the conditions do not demand greater spray lengths or 



Oil 

pressure 
tank 




Fig. 1. — Diagrammatic arrangement of apparatus for production and 
control of spray 

longer time periods. Fuel pressures between 2,000 and 8,000 pounds per square inch at 1,000 
pounds per square inch intervals were investigated while injecting into a chamber filled with 
gas at atmospheric pressure and at 100, 200, and 300 pounds per square inch gauge. Due to 
strength limitations of the present chamber, greater chamber pressures were not investigated. 




Fig. 2. — Fuel injection valve mechanism 
APPARATUS AND METHOD OF OPERATION 



The apparatus used for producing and controlling the fuel sprays is shown diagrammatically 
by Figure 1. The valve mechanism is shown in more detail in Figure 2. The cam shown in 
these two figures was arranged to make a single revolution at a speed of 900 revolutions per 
minute by means of a clutch mechanism such as is used on punch presses. A control lever 
engaged the clutch and thus connected the cam to a shaft rotated by an electric motor at 900 
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Fig. 3.— Injection pressure, 3,000 lb./sq. in. Chamber pressure, atmospheric 




Fig. 4.— Injection pressure, 3,000 lb./sq. in. Chamber pressure, 100 lb./sq. in. 
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Fig. 5.— Injection pressure, 3,000 lb./sq. in. Chamber pressure, 200 lb./sq. in. 
The original photographs for Figures 3 to 8 inclusive were retouched for reproduction purposes 



Fig. 6.— Injection pressure, 3,000 lb./sq. in. Chamber pressure, 300 lb./sq. in. 




Fig. 7.— Injection pressure, 5,000 lb./sq. in. Chamber pressure, 300 lb./sq. in. 




Fig. 8.— Injection pressure, 8,000 lb./sq. in. Chamber pressure, 300 lb./sq. in. 
The original photographs for Figures 3 to 8 inclusive were retouched for reproduction purposes 
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revolutions per minute. The cam made one revolution and the clutch was then automatically 
disengaged. The cam lifted the spring-loaded injection-valve needle from its seat through the 
rocker arm, permitting the discharge of the fuel. The lift of the steel valve needle could be 
varied by rotating the eccentric rocker arm pin, but, for the present work, it was not changed. 

The fuel system was of the constant pressure type, fuel being supplied to the injection valve 
by means of a hydraulic hand pump at the point shown in Figure 2. The pressure tank just 
above the nozzle was filled with air before hydraulic pressure was applied and served to minimize 
the pressure drop during an injection. 

The nozzle was mounted at one end of a pressure chamber fitted with glass walls on two 
sides to permit visual and photographic observation of the spray. This chamber was filled with 
nitrogen from a pressure tank. 

Special high-speed photographic apparatus, capable of taking a continuous series of fifteen 
photographs at a rate of 4,000 per second was used to record the development of single sprays. 
Illumination was obtained from a spark gap located near the focus of a parabolic reflector which 
directed the light into the spray chamber. A camera lens, mounted on the opposite side of the 
chamber, focused the spray image on a film fastened around a circular drum. This drum was 
rotated at 3,700 revolutions per minute in a plane perpendicular to the axis of the spray. 

Fifteen glass plate condensers, charged to about 30,000 volts each, were arranged to dis- 
charge in sequence across the spark gap by means of a rotary switch. The time between con- 
denser discharges, and hence between pictures, was regulated by varying the speed of the 
rotary switch. Discharge through the rotary switch and spark gap could not occur until a 
master switch was closed. This master switch was operated simultaneously with the nozzle 
valve cam by the same clutch mechanism which controlled the cam. 

The duration of a single exposure was estimated to be of the order of 0.000005 second. 
When injecting into gases at 300 pounds pressure, it was necessary to employ a rate of 2,000 
exposures per second in order to show the travel of the spray tip across the chamber. When 
injecting into gas at atmospheric pressure, the rate was increased to 4,000 per second in order 
to obtain a complete series of pictures before the spray impinged on the opposite chamber wall. 
Intermediate rates were used for the intermediate chamber pressures. 

By striking the control lever which engaged the clutch the injection of fuel and discharge of 
the condensers took place simultaneously and a record was obtained on the exposed film. All 
operation was carried out in a darkened room. 

A high-grade Diesel engine fuel oil was used for all experiments. 

DISCUSSION OF RESULTS 

The results given here are for single sprays produced by a single revolution of the cam. 
It was not feasible to permit continuous operation of the injection system as in actual engines, as 
the fuel cloud formed in the chamber would obscure the spray. Although differences may exist 
between sprays under these conditions, visual observation has shown that when injecting into the 
atmosphere with the chamber removed, continuous operation gave less than 10 per cent greater 
penetration than obtained with a single spray. 

Figures 3 to 8, inclusive, are reproductions of actual photographs taken during the investi- 
gation. There was not sufficient contrast in the original photographs to enable intelligible 
half-tones to be made so that it was necessary to retouch the photographs by increasing the 
depth of the background and accentuating the nozzle. Much care was taken to alter as little 
as possible the original outline of the spray. Figures 3 to 6, inclusive, compose a series in which 
the injection pressure is 3,000 pounds per square inch and the chamber pressure is varied from 
atmospheric to 300 pounds per square inch gauge. Figures 6, 7, and 8 compose another series in 
which the chamber pressure is 300 pounds per square inch and the injection pressure is varied 
from 3,000 to 8,000 pounds per square inch. 

From such photographs measurements were made of the lengths of the spray images and the 
distances between images. Figures 9 to 14, inclusive, were plotted from these measurements 
after taking into account the photographic reduction and the speed of film travel. While 
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data for figures were taken from a single series of photographs, these were checked by additional 
photographs and were shown to be representative. 

The data given by Figure 15, showing the effect of fuel pressure on spray tip velocity, were 
obtained from Figure 12. The influence of the chamber and injection pressures on the develop- 
ment of the spray is shown quite markedly by these figures. 
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Fig. 9. 

Chamber pressure, at- 
mospheric. Fuel 
pressure, 2,000 to 
8,000 lb./sq. In. 
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Fig. 10. 
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Fig. ii. 



Chamber pressure, 100 
lb./sq. in. gauge. Fuel 
pressure, 2,000 to 8,000 
lb./sq. in. 

Effect of fuel pressure on penetration 



Chamber pressure, 
200 lb./sq. in. gauge. 
Fuel pressure, 2,000 
to 8,000 lb./sq. in. 
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Fig. 12. 

Chamber pressure, 300 
lb./sq. in. gauge. Fuel 
pressure, 2,000 to 
8,000 lb./sq. in. 



Figure 16 shows that injection would have been completed in about 0.003 second if the 
valve needle followed the cam. None of the pictures taken included the entire period of injec- 
tion, and since time intervals of nearly 0.005 second were recorded it is evident that the cam 
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PlO. 13. -Effed of chamber pressure on penetration. 
Fuel pressure, 2,000 lb./sq. in. Chamber pres 
sure, 0 to 300 lb./sq. in. gauge 



O OOI .002 .003 

Time in seconds 

Fig. 14— Effect of chamber pres- 
sure on penetration. Fuel pres- 
sure, 8,000 lb./sq. in. Chamber 
pressure, 0 to 300 lb./sq. in. 
gauge 



did not control the closing of the valve. This action is an explanation of the character of the 
nozzle calibration curve, Figure 17. Several series of calibrations were made at armospheric 
and at 300 pounds per square inch chamber pressure, none of which differed perceptibly from 
those given on the curve. 
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Fig. 15.— Effect of fuel pressure on spray tip velocity. 
Chamber pressure, 300 lb./sq. in. Fuel pressure, 2,000 to 
8,000 lb./sq. in. 
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Fig. 16.— Valve lift diagram 




2000 5000 8000 

Fuel pressure, lb./sq. in. 

Fig. 17.— Weight of fuel discharged by nozzle 



MATHEMATICAL CONSIDERATIONS 

The formulation of the mathematical relationships governing the action of liquids injected 
into compressed gases is considerably involved because of the large number of variables and 
a lack of knowledge of the true action. Analysis of the experimental results revealed that for 
the present tests the negative acceleration of the spray tip is approximately proportional to the 
1.5 power of the instantaneous velocity of the spray tip. 

The applicability of this relation can be readily shown. Assuming such a relation to apply, 
the mathematical equation will be: 

a) 



This may be expressed as: 



V 0 t 



9 iVoH+1 
where 8 = spray length or penetration in feet. 
t = time in seconds. 
1c = coefficient. 
V 0 = initial velocity in feet per second. 

Equation (2) may be verified by differentiation. From this equation is derived: 

t JeVpH t 1 



(2) 



(3) 



which is an equation of a straight line for - as a function of t. Values of these variables taken 
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from Figures 9 to 12, inclusive, give the data plotted on Figures 18 to 20. Since the divergence 
from straight lines is not veiy great, equation (1) closely represents the physical conditions 

within the limits of the experiments. 

It is interesting to note that equation (3) may be arranged as in equation (4). 



s = ■ 



(4) 



From this equation it becomes apparent that s= j c y°.5 when t= <x> so that this equation 

gives the penetration that would be obtained if discharge never ceased or the limiting value of 
penetration for the chamber and fuel pressures under consideration. It is evident from equa- 
V 

tion (3) that pp~5 is the reciprocal of the slope of the lines in Figures 18 to 20, and thus a 

means is obtained of estimating the limiting value of the penetration. Since the condition 
was not examined experimentally, there is no assurance that the straight lines may be ex- 
tended, and this operation has little practical utility at the present time. Nevertheless, it 
probably constitutes the best way to extrapolate the present data. It is interesting to note 
that, if it is assumed that the data may be extended in this w r ay, the penetration increases w r ith 



0/2 



008 



u 

0 

s 



004 




C.O/2 



008 



0 .00/ DO 2 
Time in seconds 



004 




0 .001 .002 .003 
Time in seconds 



DOI .002 .003 
T:me m seconds 



Fig. 18.— Chamber pressure, 100 lb./sq. in. Fig. 19.— Chamber pressure, 200 lb./sq. in. Fig. 20.— Chamber pressure 300 lb./sq. In. 
Fuel pressure, 2,000 to 8,000 lb./sq. in. Relation of mean velocity reciprocal (//*) to time. 

fuel pressure to a certain maximum value, after which it decreases with further increases of 
fuel pressure. 

Figure 15 shows that the higher fuel pressures are accompanied by higher initial velocities, 
but after a certain time interval the spray-tip velocity is nearly the same over a w r ide range of 
fuel-pressure variation. The higher initial velocities are probably accompanied by greater 
atomization, as is indicated by other experiences, and thus the higher pressures would have 
other beneficial effects besides their influence on penetration. 

CONCLUSION 

These tests have given definite information on the rate of spray penetration from a simple 
nozzle and on the variation of this rate with various fuel and gas pressures. The extent to 
which the present results depend on the particular characteristics of the present injection ap- 
paratus can only be determined by tests with other types. 

Records of the development of fuel sprays injected into compressed gases, obtained by means 
of high-speed photography, provide a good basis for the analysis of the behavior of sprays pro- 
duced by various injection nozzles, and therefore should aid materially in considering the in- 
fluence that the nozzles would have on engine performance. 

REFERENCE 

1. Ueber die zerstaubung flussiger Brennstoffe, by Dr. Ing. E. Kuehn, Der Motorwagen, 
January 20, 1925. 

o 




Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Designa- 
tion 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal 

Lateral _ 


X 
Y 
Z 


X 
Y 
Z 


rolling 


L 
M 

N 


Y >Z 


roll 


e 


u 

V 

w 


V 
Q 
r 


pitching 

yawing 


Z >X 


pitch 


Normal 


X > Y 










yaw 



Absolute coefficients of moment 



Angle of set of control surface (relative to neu- 
tral position) , 5. (Indicate surface by proper 
subscript.) 



4. PROPELLER SYMBOLS 



D, 
Pe, 
Pff, 
Ps, 
Pvj 
Pa, 



Diameter. 
Effective pitch 
Mean geometric pitch. 
Standard pitch. 
Zero thrust. 
Zero torque. 
p/D, Pitch ratio. 
V\ Inflow velocity. 
V 3 , Slip stream velocity. 



T, 
0, 
P, 



Thrust. 
Torque. 
Power. 
(If 



'coefficients" are introduced all 



units used must be consistent.) 
rj, Efficiency = T 7/P. 
n, Revolutions per sec, r. p. 
N, Kevolutions per minute., R. P. M. 

\2-Km/ 



<£ ; Effective helix angle = tan" 



5. NUMERICAL RELATIONS 



1 HP = 76.04 kg/m/sec. =550 lb./ft./sec. 
1 kg/m/sec. = 0.01315 HP. 
1 mi./hr. = 0.44704 m/sec. 
1 m/sec. = 2.23693 mi./hr. 



1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m =3.2808333 ft 



